Extreme environments are often considered a predation refuge for organisms living in them. In southern Mexico several species of poeciliid fishes are undergoing incipient speciation in a variety of extreme (i.e. permanently dark and/or sulphidic) freshwater systems, and previous research has demonstrated reproductive isolation between populations from sulphidic and adjacent benign habitats. In the present study, we investigated bird predation rates (measured as successful captures per minute) in two sulphidic surface and several benign surface habitats, to test the hypothesis that extreme habitats are predation refuges. We found capture rates to be approximately 20 times higher in sulphidic environments: probably facilitated by extremophile poeciliids spending most of their time at the water surface, where they engage in aquatic surface respiration as a direct response to hypoxia. Even birds that are usually not considered major fish predators regularly engage in fish predation in the toxic habitats of southern Mexico. Our results demonstrate that extreme environments do not necessarily represent a refuge from predation, and we discuss the general importance of predation in driving incipient speciation in these systems. Finally, we hypothesize that natural selection via avian predation may play an important role in maintaining reproductive isolation between divergent poeciliid populations.
INTRODUCTION
Habitats are considered to be extreme if their physical and/or chemical characteristics are outside of the range usually experienced by an organism, thus leading to a decrease in fitness of the organism upon initial exposure to this type of environment (Calow, 1989; Rothschild & Mancinelli, 2001) . Traditionally, it has been suggested that organisms invading extreme habitats trade-off increased costs of somatic maintenance resulting from the presence of physico-chemical stressors with reduced predation or parasitization risk (e.g. Robb & Abrahams, 2002; Romero & Green, 2005; Rogowski & Stockwell, 2006) ; however, recent studies on extremophile poeciliid fishes from two cave habitats in southern Mexico have called this into question (e.g. Plath, Parzefall & Schlupp, 2003; Tobler, Franssen & Plath, 2008b; Riesch et al., 2009; Tobler, 2009; Horstkotte et al., in press) .
In several extreme habitats in Tabasco, southern Mexico, live-bearing fishes of the genera Poecilia and Gambusia are currently undergoing ecological speciation processes that are linked to strong genetic, behavioural, life-history, morphological, and physiological divergence (e.g. Plath et al., 2007a, b; Tobler et al., 2008a Tobler et al., , 2009a Riesch et al., 2010a; Riesch, Plath & Schlupp, 2010b) . More specifically, some of these habitats are extreme because of high levels of naturally occurring hydrogen sulphide (H 2S). As a result of the spontaneous oxidation of H2S in aqueous solution (Cline & Richards, 1969; Chen & Morris, 1972) , the presence of H2S leads to and aggravates hypoxia in aquatic systems, resulting in a distinct inverse correlation of H2S and oxygen concentrations (Bagarinao, 1992) . Furthermore, its lipid solubility enables H2S to freely penetrate biological membranes (Reiffenstein, Hulbert & Roth, 1992) , inhibiting the cytochrome c oxidase, blocking electron transport in aerobic respiration, and thereby hampering the function of mitochondria and the production of adenosine-5′-triphosphate (ATP) (Evans, 1967; Nicholls, 1975; National Research Council, 1979) .
There is some evidence that locally adapted populations of poeciliid fishes from sulphidic habitats have heritable physiological adaptations to detoxify H 2S that are absent in conspecifics from nonsulphidic habitats (Peters et al., 1973; re-analysed in Plath & Tobler, 2010) . However, short-term survival of Atlantic mollies (Poecilia mexicana), largemouth mosquitofish (Gambusia eurystoma), and sulphur mollies (Poecilia sulphuraria) in sulphidic water critically depends on a compensatory behaviour (aquatic surface respiration, ASR), where the fish exploit the more oxygen-rich airwater interface using their gills (Plath et al., 2007b; Tobler et al., 2009a) . Under experimental conditions, P. mexicana spent on average more than 60% of their time performing ASR when exposed to sulphidic water (Plath et al., 2007b) , and the time spent performing ASR in natural populations of Poecilia spp. from sulphidic habitats ranges from 8 to 84% of the total time budget (Tobler et al., 2009a) . Besides energetic costs for physiological detoxification mechanisms (Ip, Kuah & Chew, 2004) , ASR imposes additional costs by detracting from the time available for feeding (Kramer, 1983; Weber & Kramer, 1983; Chapman & Chapman, 1993; Tobler et al., 2009a) . Most importantly, fish relying on this behaviour spend extended periods of time at the water surface, so they are expected to be more susceptible to avian predators attacking from above the water surface (Kramer, Manley & Bourgeois, 1983) .
PREDATION REGIMES IN SULPHIDIC HABITATS
Did extremophile poeciliids colonize sulphidic surface habitats because they provide refuge from predation?
Predatory fishes are absent from sulphidic habitats (Tobler et al., 2006; Riesch et al., 2009) , so sulphidic habitats do indeed provide a refuge, at least with regards to fish predation. However, this does not mean that extremophile poeciliids do not experience predation: in fact, predatory reptiles and birds are just as common in sulphidic as in nonsulphidic habitats (Riesch et al., 2009) . Birds have been shown to be the top predators in many freshwater ecosystems, and bird predation on fishes can be a major selective force driving evolutionary divergence between populations of the same species that differ in experienced predation intensity (e.g. Seghers, 1974; Trexler, Tempe & Travis, 1994; Templeton & Shriner, 2004) . Nonetheless, avian predation is often overlooked in studies investigating the evolutionary ecology of freshwater organisms (Steinmetz, Kohler & Soluk, 2003) . This is even more surprising if we consider that bird predation activity is well known to have a major impact on aquaculture and commercial fisheries (e.g. Mott & Boyd, 1995; Price & Nickum, 1995) , and studies on the effects of avian predation in other types of ecosystems are quite common (e.g. Brower & Calvert, 1985; Bock, Bock & Grant, 1992) . In poeciliid fishes, evolutionary research has traditionally focused on selection resulting from piscivorous fishes (e.g. Reznick, Bryga & Endler, 1990; Langerhans, Gifford & Joseph, 2007) . The few exceptions include behavioural studies on population differences in shoaling and flight response, which clearly indicate an important role for avian predation in shaping the evolution of poeciliid populations (e.g. Seghers, 1974; Templeton & Shriner, 2004) . Finally, Trexler et al. (1994) demonstrated that size-selective predation by herons provides an important selective force in shaping the life histories of wild sailfin molly (Poecilia latipinna) populations.
Here, we will test the hypothesis that extreme habitats are predation refuges: specifically, we examine whether avian predation is indeed higher in sulphidic habitats than in nonsulphidic ones, as proposed by Riesch et al. (2009) . We then discuss whether and how elevated levels of avian predation may be another mechanism maintaining population differentiation among ecologically divergent, locally adapted populations of poeciliid fishes.
MATERIAL AND METHODS
In Tabasco, southern Mexico, live-bearing fishes (Poeciliidae) of the genera Poecilia and Gambusia inhabit various freshwater ecosystems of the Río Grijalva/Usumacinta drainage, some of which are characterized by the presence of naturally occurring H2S of volcanic origin (Rosales-Lagarde et al., 2006 , 2008 Tobler et al., 2006 Tobler et al., , 2008a . The presence of H2S represents a constant stressor in these environments, even though toxicity levels fluctuate in time and space within the habitats (e.g. Tobler et al., 2008a, c) .
Our first sulphidic study site, El Azufre, is a sulphidic creek (average H2S concentration, 151.5 mM; Tobler et al., 2008a) near the village of Tapijulapa. It represents the confluence of various epigean and hypogean sulphur sources, with the most famous subterranean source region being the so-called Cueva del Azufre (Tobler et al., 2006) . El Azufre is characterized by milky water caused by the presence of calcium sulphate and colloidal sulphur in the water. El Azufre meanders through a dense, tropical contact vegetation. The only piscine inhabitant is P. mexicana (Tobler et al., 2006; Riesch et al., 2009) .
Another sulphidic freshwater system occurs about 10 km west of Teapa, where a number of sulphidic springs enter a creek forming an area that is locally known as the Baños del Azufre (average H 2S concentration, 123.8 mM; Tobler et al., 2008c; Riesch et al., 2010a) . This habitat harbours two endemic, highly specialized species of poeciliid fishes: P. sulphuraria (Alvarez del Villar, 1948) and G. eurystoma (Miller, 1975) . Contact vegetation in this aquatic system is almost entirely lost, and the region in general is intensely used for cattle farming, whereas the spring area is used for recreational purposes (i.e. as a spa).
In both study systems, fish communities are strongly reduced in the sulphidic habitats, and predatory fish species are absent (Tobler et al., 2006 (Tobler et al., , 2008c Riesch et al., 2009) , whereas piscivorous birds are present in all habitats (Table 1; Riesch et al., 2009) .
Our current data set is based on opportunistic sightings of various species of herons and egrets, as well as some species of kingfishers (Table 1) , encountered during our fieldwork in the Cueva del Azufre and Baños del Azufre regions between 7 January and 5 February 2010 (for a list of fish predators in those regions, see Riesch et al. 2009 ). Opportunistic observations of birds preying on fishes in nonsulphidic habitats were conducted at various ponds, creeks, and streams (such as the Río Teapa at Teapa and the Río Puyacatengo near Teapa), covering the natural variability in abiotic and biotic ecological conditions in southern Mexican freshwater habitats (e.g. stagnant versus current waters, etc.). To augment the data set for nonsulphidic sites, several hours of observation (on three different days) were specifically conducted in the extensive swamp areas around Villahermosa, which are particularly rich in bird life. In total, we sampled five different nonsulphidic habitats and two sulphidic habitats.
Whenever a bird was sighted in or beneath the water, it was observed ad libitum (up to a ceiling observation time of 10 min) using binoculars, and the observation time and fish capture success (evidenced by a swallowing movement) were noted. For total observation times in the three different habitats see Table 1 . We only included individuals that were not obviously affected by the presence of the human observer(s), and that did not show any fright response. A preliminary Kruskal-Wallis ANOVA revealed that bird predation rates in both sulphidic habitats differed significantly from every single nonsulphidic habitat, whereas nonsulphidic habitats did not differ from one another (Table A1) ; we therefore combined all nonsulphidic habitats for the subsequent analyses presented in the main text.
Relative capture success (numbers of fish swallowed per minute observation time) was compared among habitat types (El Azufre, Baños del Azufre, and nonsulphidic sites) in two ways: (1) we compared pooled capture rates of all bird species encountered; and (2) we compared capture rates of the only species occurring in all three habitat types, namely, the snowy egret (Egretta thula). This subset was analyzed separately because the different bird taxa considered in analysis (1) are (i) characterized by different dietary needs because of size differences (i.e. some of the smaller kingfishers may only need one fish every so often, and may thus stop hunting for a while after a single successful catch, whereas herons and egrets will catch considerably more fish), and (ii) employ various different hunting strategies (e.g. kingfishers diving from a perch versus wade-stalking in egrets). Naturally, this will result in different, species-specific capture rates, so site-specific predation rates may not be directly comparable when pooling all species.
The per-minute capture rates were compared using a nonparametric Kruskal-Wallis ANOVA, and Dunn's test was used for post-hoc pairwise comparisons. All analyses were conducted with INSTAT 3 (GraphPad Inc.).
RESULTS
El Azufre, a sulphidic site that is highly covered (big trees) and surrounded (grass) by strong contact vegetation, was characterized by a reduced diversity in piscivorous birds relative to bird diversities at the other two habitat types (Table 1) .
Capture rates for overall bird predation were significantly higher in sulphidic than nonsulphidic sites (Kruskal-Wallis test, N = 437, H 2 = 214.540, P < 0.0001). Post-hoc tests revealed that nonsulphidic habitats differed significantly from the two sulphidic habitats Baños del Azufre and El Azufre (Dunn's multiple comparison, P < 0.001, in both cases), whereas there was no significant difference between the two sulphidic sites (P > 0.05; Fig. 1A ; Table 1 ). The same pattern was uncovered when only the capture rates of E. thula were considered (N = 127, H 2 = 82.058, P < 0.0001; nonsulphidic waters versus Baños del Azufre, P < 0.001; nonsulphidic waters versus El Azufre, P < 0.001; Baños del Azufre versus El Azufre, P > 0.05; Fig. 1B ; Table 1 ).
DISCUSSION
Avian predation was higher in both sulphidic habitats than in the benign (nonsulphidic) habitat survey. At El Azufre the predation was mainly dominated by E. thula, whereas at Baños del Azufre, the predatory regimes were slightly more complex and involved E. thula, black-necked stilts (Himantopus mexicanus), tricolored herons (Egretta tricolor), and other species (Table 1; for additional, ornithologically relevant information, please refer to the Appendix). The intense avian predation on P. sulphuraria in the spring areas of Baños del Azufre may account for the fact that this species forms dense synchronized schools (in contrast to the more common lose shoals seen in other poeciliids; Pitcher & Parrish, 1993), which show remarkable coordinated escape manoeuvres (R. Riesch, I. Schlupp and M. Plath, pers. observ.).
As we only indirectly measured a successful predation event by counting swallowing movements, how can we be sure the target was a live-bearing fish? Although this might be a valid criticism for our method in general, this argument is irrelevant for the specific case we are trying to illustrate. First, livebearing fishes of the genus Poecilia and Gambusia are the only permanent piscine residents in the sulphidic streams, whereas fish communities in nonsulphidic streams are complex (Tobler et al., 2006; Riesch et al., 2009) . Second, there are also no amphibians in sulphidic habitats (Riesch et al., 2009) . Therefore, it is unlikely that birds in sulphidic habitats were preying on anything but live-bearing fishes, whereas successful predation events in nonsulphidic habitats are highly likely to not only have targeted live-bearing fishes, but also other fishes or even amphibians (e.g. tadpoles). Hence, the approximately 20-fold difference in avian predation rates we report on here, is likely to be a rather conservative assessment, that in reality is likely to be several magnitudes higher for poeciliid fishes.
ARE EXTREME HABITATS PREDATION REFUGES?
It has been suggested that organisms residing in extreme environments may actually benefit from reduced predation or parasitization (Robb & Abrahams, 2002; Romero & Green, 2005; Rogowski & Stockwell, 2006) . However, our own data suggest that the situation is more complex than it first appears. For example, we have previously demonstrated predation on the cave-adapted form of P. mexicana from the subterranean sulphidic source region of the El Azufre by giant water bugs (Belostoma sp., Heteroptera: Belostomatidae) and large-bodied spiders (e.g. Plath et al., 2003; Tobler et al., 2008b; Tobler, 2009; Horstkotte et al., in press ).
Therefore, extremophile poeciliids clearly experience predation, albeit there is no piscine predation. However, if avian and arthropod predation on extremophile fishes were in fact size-selective and predominantly targeted large individuals (e.g. Trexler et al., 1994) , then sulphidic environments could still be thought of as some type of predation refuge, because the likelihood of successful reproduction prior to being preyed upon would be higher relative to benign habitats. On the other hand, given the overall size and beak characteristics, H. mexicanus would be hard pressed to successfully capture and consume large adult poeciliids (Robinson et al., 1999) , so at least some piscivorous birds also target smaller fish in extreme habitats.
Additionally, the predation risk for P. mexicana by Belostoma sp. is directly linked to ASR, and males, which have higher oxygen demands (i.e. spend more time breathing at the water surface; Plath et al., 2007b) , are more likely to be preyed upon by the water bugs (Tobler et al., 2008b) . The same logic probably accounts for the very high capture success rates by several species of herons and egrets in sulphidic surface sites reported here: ASR is necessary for the immediate survival of extremophile fishes, and forces them to stay close to the water surface, where they are easy targets for piscivorous birds under epigean conditions, and for Belostoma and spiders in caves. In fact, fish predation in these habitats appears to be so lucrative that even birds not usually known to be major fish predators [H. mexicanus and cattle egret (Bubulcus ibis)] regularly engage in fish predation in the toxic habitats of southern Mexico.
POPULATION DIVERGENCE IN POECILIA SPP. ROLE FOR BIRD PREDATION?
No major physical barriers prevent fish from moving between different habitat types (i.e. sulphidic and nonsulphidic) that are only a few hundred meters apart. Still, divergent environmental conditions have been shown to drive adaptive divergence in a set of behavioural, life-history, morphological, and physiological traits (Plath et al., 2007a; Tobler et al., 2008a; Riesch et al., 2010a, b) . Although all locally adapted forms can be crossbred in the laboratory (Parzefall, 1979) , remarkably strong genetic differentiation over small geographic distances has been uncovered (Plath et al., 2007a; Tobler et al., 2008a) . A recent study (Tobler, 2009 ) has evidenced that predation can play a role in maintaining this genetic differentiation by selecting against migrants from ecologically divergent habitats: Belostoma sp. preyed predominantly on cave fish under light conditions and on surface fish in complete darkness. As avian predation dominates the sulphidic habitat, a similar pattern is likely for bird predation in extremophile poeciliids. Prey species usually evolve adaptive but costly behaviours that are closely linked to the respective predation regime and level of threat in their environment (Cheney & Seyfarth, 1990; Kelley, 2008) . Furthermore, it has been demonstrated that poeciliid fishes exhibit interpopulation differences in antipredator responses that probably make them more prone to predation by predators they rarely encounter under natural conditions (e.g. Seghers, 1974; Kelley & Magurran, 2003; Templeton & Shriner, 2004 ). Congruently, we were able to demonstrate that fish from sulphidic and nonsulphidic habitats vary in traits related to boldness (Riesch et al., 2009) . Hence, immigrants from nonsulphidic habitats are probably maladapted to the high predation pressures exerted by birds in sulphidic habitats (i.e. attack from above), and conversely, immigrants from sulphidic to benign habitats are most likely to be maladapted to the high levels of fish predation (i.e. attack from below or the side). We therefore hypothesize that bird predation in sulphidic habitats and fish predation in benign habitats may act as additional natural selection barriers (together with the directly toxic effects of H 2S on non-adapted fish; Tobler et al., 2009b) against immigrants, effectively preventing gene flow between these parapatric populations.
FIELD STUDIES AND EXPERIMENTAL PROTOCOL
Many large-scale field studies have the inherent problem that it is extremely hard or even impossible to completely control for potentially confounding variables, and this study is no exception. For example, we are aware of the problem that not all of our observations are likely to be fully independent. In other words, we may have observed the exact same bird several times over consecutive days. This is particularly true for the lone egret at El Azufre that was able to secure the foraging site over other competitors. However, over the last couple of years we observed the frequent arrival and departure of piscivorous birds during our fieldwork at the sulphidic and nonsulphidic sites in southern Mexico. In fact, several nonsulphidic habitats are within sight of Baños del Azufre, and birds frequently fly back and forth between the nonsulphidic and sulphidic parts of this habitat. Therefore, even though we cannot determine which particular data points belong to which individual, it is actually highly likely that we also observed some of the same individuals foraging at both nonsulphidic and sulphidic sites, which would actually render our data set even stronger. Finally, two other aspects must be considered. First, our data do not provide us with a means to evaluate historic predation regimes in the extreme habitats. We therefore cannot rule out the possibility that at the time of original colonization these extreme habitats were in fact predation refuges. Second, we do not have data on overall predation pressures. Future experiments will have to determine whether the total predation pressure (including arthropods, birds, fishes, reptiles, and mammals) could still be higher in benign habitats, even if the avian predation pressure is lower.
CONCLUSIONS
The present study provides strong circumstantial evidence against the hypothesis that live-bearing fishes originally colonized these extreme habitats to escape from predation; still, we cannot completely rule out the possibility that historic predation regimes in these habitats were different. Furthermore, most organisms live in highly complex environments, and therefore, multiple selection pressures are likely to shape their behavioural, morphological, physiological, and life-history evolution. Clearly avian predation is a major selective force for a variety of poeciliids and other fishes, including poeciliids from sulphidic habitats; however, the role of aerial predation in driving teleosts' evolution has so far been mainly neglected. We can only reiterate Seghers (1974) demand that more in situ experiments focusing on non-aquatic predators need to be conducted in order to fully understand poeciliid evolutionary history.
APPENDIX NATURAL HISTORY OF AVIAN PREDATION IN SULPHIDIC AND NONSULPHIDIC HABITATS
Avian predation was higher in both sulphidic habitats than in the benign (nonsulphidic) habitat survey. At El Azufre, predation was mainly dominated by the snowy egret (Egretta thula). Even though Green kingfishers (Chloroceryle americana) were present at El Azufre on most of the observed days, they were more vigilant with regards to our presence, and usually flew off as soon as we approached. However, this habitat seems to be of high resource value to E. thula, because at any given time only one E. thula fished close to our observation point at El Azufre, and we observed frequent fighting between competitors in the trees around this foraging site. Once the fighting had ended, only a single egret at a time would land and begin fishing, whereas the others would fly off (R. Riesch and M. Plath, pers. observ.).
At Baños del Azufre, fish predation appears to be so rewarding that several bird species that usually prey on other taxa were found to exclusively forage on fish. First, the black-necked or Mexican stilt (Himantopus mexicanus) use scythe-like sweeps to prey specifically on small sulphur mollies (Poecilia sulphuraria) and largemouth mosquitofish (Gambusia eurystoma). Even though fish are listed as occasional prey for H. mexicanus (Robinson et al., 1999) , so far they have only been reported to be an important part of the diet in Hawaiian stilts, Himantopus mexicanus knudseni (Telfer, 1975; Telfer and Woodside, 1977 ; both cited in Robinson et al., 1999) . Second, Cattle egrets (Bubulcus ibis) were also commonly observed foraging on P. sulphuraria and G. eurystoma at Baños del Azufre. Even though B. ibis are highly opportunistic foragers, fish are rarely reported to contribute to their diet (e.g. Fogarty and Hetrick, 1973; but see Singh et al., 1988; Sodhi, 1989 ; both cited in Robinson et al., 1999) .
Furthermore, the spring area is also characterized by a relatively low abundance of woody plants that could provide perches for the various species of kingfishers present at Baños del Azufre (see also Riesch et al., 2009) . Probably because of this, the American pygmy kingfisher (Chloroceryle aenea) at the Baños del Azufre actually 'perched' in the mud on the riverbank. Whenever a school of P. sulphuraria came close to its 'mud-perch', it would fly one or two metres up into the air, hover for a couple of seconds, and then dive into the midst of the nearest P. sulphuraria school (R. Riesch and M. Plath, pers. observ.). This behaviour is occasionally observed in Neotropical kingfishers (Remsen, 1990) , as well as the Common kingfisher (Alcedo atthis) and the Azure kingfisher (Alcedo azurea; H. Riesch, pers. comm.) from Australia, but seems to be comparatively common in C. aenea at Baños del Azufre (R. Riesch and M. Plath, pers. observ.).
Finally, a very frequent bird species preying on fishes in nonsulphidic sites that was not considered for our current study was the Neotropic cormorant (Phalacrocorax brasilianus). [Also, anhingas (Anhinga anhinga) were regularly observed, but always in low numbers.] This decision was made based on the considerations that: (1) cormorants hunt under water (often in flocks), so the actual individual capture success rate is difficult to determine; and (2) we were primarily interested in species preying on smaller fishes (like mollies, Poecilia spp.). 
